The true incidence of endemic acute gastrointestinal illness (AGI) attributable to drinking water in Canada is unknown. Using a systematic review framework, the literature was evaluated to identify methods used to attribute AGI to drinking water. Several strategies have been suggested or applied to quantify AGI attributable to drinking water at a national level. These vary from simple point estimates, to quantitative microbial risk assessment, to Monte Carlo simulations, which rely on assumptions and epidemiological data from the literature. Using two methods proposed by researchers in the USA, this paper compares the current approaches and key assumptions.
INTRODUCTION
Waterborne illness continues to be a concern in industrialized countries. In Canada, since the Walkerton waterborne outbreak of Escherichia coli O157:H7 and Campylobacter jejuni in 2000, which resulted in seven deaths and >2,300 illnesses, more stringent regulations regarding water treatment and risk management have been developed and implemented in many municipal systems across Canada (Holme ; Rizak & Hrudey ) . Municipal water treatment requirements in Canada are high; however, there are still thousands of small systems and private wells, some under the direct influence of surface water (GUDI), that are untreated and at risk for pathogen intrusion, and are serving populations who may be at risk for exposure to waterborne pathogens (Richardson et The true burden of acute gastrointestinal illness (AGI) due to drinking water in Canada is currently unknown. AGI for the purpose of this review refers broadly to AGI associated with the consumption of drinking water associated with endemic and/or epidemic exposures. A few crude estimates of AGI incidence attributable to tap water consumption have been compiled. Payment () estimated that the burden of tap water related waterborne disease could be costing Canadians several million dollars annually due to the costs associated with lost work days, hospitalizations and costs of medications.
In 2008, Environment Canada estimated that as many as 90,000 cases of AGI and 90 mortalities may occur annually in Canada as a result of waterborne disease (Edge et al. cases of AGI and 900 mortalities annually in the United States as a result of waterborne microbial infections (ASM ).
Vinson () produced a crude annual burden estimate of $2.7 billion due to waterborne disease (not AGI-specific) in Canada from recreational and drinking water exposures. Estimating burden or source attribution of waterborne disease is challenging as there are numerous data and knowledge gaps. The purpose of this research was to systematically review the approaches that quantify the burden of waterborne illness published in the peer-reviewed and grey literature, and to identify key knowledge gaps and critical data requirements for waterborne disease attribution or burden estimates in developed countries.
METHODS

Definition of waterborne disease
For the purpose of this review, the definition of waterborne disease burden is: the burden of AGI attributable to drinking water exposures. No strict definition of AGI was applied to the specific gastrointestinal symptoms as the goal of the review was to capture all studies that examined AGI burden associated with drinking water. Figure 1 illustrates the main pathways of exposure related to waterborne AGI in Canada attributed to drinking water supplies.
Research questions
Three research questions were addressed in this review: Q1 What waterborne disease estimates (or models) have been published to date in the context of the developed world? Q2 What epidemiological studies or risk assessments (quantitative studies) have been published to date that examine or quantify the risk of waterborne disease in the context of the developed world that could be used for a burden estimate?
Q3 What expert elicitation studies (qualitative studies) have been published to date that examine the risk of waterborne disease on populations in the context of the developed world that could be used for a burden estimate?
Review protocol
A review protocol was developed using the 'Cochrane Handbook for Systematic Reviews of Interventions' (Higgins & Green ). Literature was searched using the following electronic databases: PubMed/MEDLINE, CAB, and Scopus.
Titles, abstracts and keywords were searched with relevant search terms (Table 1) All articles recovered were saved and exported to Ref-
Works. The search results were merged and deduplicated.
All titles and abstracts of articles/publications were preliminarily screened for relevance based on the inclusion/ exclusion criteria specified in Table 2 . Any title and/or abstract that did not clearly meet the criteria were eliminated in screen 1. Three rounds of relevance screening were performed by three independent researchers on titles and abstracts only. Disagreements were resolved via discussion among reviewers. After the third screen, full articles were examined for relevance. All relevant articles after this fourth screen proceeded to the data extraction phase.
Search terms and inclusion/exclusion criteria
The search terms (Table 1) were divided into three categories: water-related terms, disease terms and study terms. When performing the searches, these terms were separated by the Boolean terms OR/AND. Preliminary inclusion criteria for screen 1 are presented in Table 2 .
The screening process and results are illustrated in Figure 2 .
After the third screen, extraction was based on two questions. If an article did not meet the requirements for these two questions it was excluded from data extraction. (Table 3) ?
Data extraction/analysis
Data extraction focused on the following fields: primary results, methodology/study design, key data sources, study population, study location, drinking water sources, pathogens of concern, definitions of disease, water quality data collected and study limitations. The data extraction process involved categorizing the types of studies that estimate burden (Table 3) . Once the articles were classified, a specific set of data extraction questions associated with each category were used to extract relevant information into an Excel database. Results from the data extraction process were analysed by category in a qualitative manner by comparing and contrasting the methods and results.
Qualitative evaluation of two US burden methodologies
Two burden methodologies (Colford et 
RESULTS
For the systematic review, the initial database searches yielded a total of 17,981 references. Thirty-eight articles met the selection criteria and were retained for data extraction ( Table 3 ). The breakdown of articles by category was as follows: 14 quantitative microbial risk assessment (QMRA) articles, 13 epidemiological studies (seven randomized controlled trials (RCTs), six sporadic/endemic studies) and 11 burden estimates or methodologies.
Risk assessment and infectious disease transmission models
QMRA is a methodology that can be used to quantify and predict potential health risks and has been identified as a possible method to quantify the burden of waterborne disease (Soller ) . In this review, 14 risk assessment studies and infectious disease transmission models were identified that quantified waterborne disease burden using site-specific water quality or epidemiological data (Perz All but one study collected or used water quality data as inputs into their assessments. In total, eight were singlepathogen studies, while six were multi-pathogen assessments (Table 4 ). Studies were performed in the USA, Canada, Ireland, Sweden, UK, France, Japan and Australia. 
Epidemiological studies
Epidemiological studies were divided into three categories:
RCTs, outbreak studies and sporadic/endemic epidemiological studies. Seven RCTs, six sporadic/endemic studies and zero outbreak studies were retained for data extraction in this review.
Randomized controlled trials
The RCTs included in this review are of published household drinking water intervention trials conducted in contexts relevant to Canadian drinking water systems. In (b) study, the authors suggest that the lack of significant difference in illness rates observed between the control and intervention groups was attributed to the fact that more stringent water treatment regulations were in place. As a result, the authors concluded that the risk to tap water consumers in the system studied was limited. 
Sporadic/endemic epidemiological studies
Six epidemiological studies that focused on sporadic (endemic) disease were included in the review (Table 6 ).
The studies vary in design, purpose, water source and target population ( Table 6 ). All six studies estimated waterborne disease burden due to a water-related intervention (intentional or unintentional in the case of distribution system events) or the studies linked a particular water source to an increased incidence of illness at the community level ( distributed drinking water and pooled AGI-incidence data collected from household surveys. Households were considered 'exposed' to viruses if one or more of their community samples were positive for enteric viruses. This is the first study that has attempted to quantify the burden of waterborne AGI due to untreated groundwater. It is also one of the few studies that has measured viruses in groundwater and linked virus occurrence to health (Locas
In a cross-sectional study of HIVþ patients that reportedly consumed boiled tap water, tap water directly or bottled water, no significant findings were reported regarding disease reduction between the different groups Table 7) .
Burden methodologies and estimates
Articles that focus solely on the method to quantify the burden of endemic human cases of AGI to the consumption of treated municipal tap water and multiplying them by severity weights and duration estimates, which they provide, for typically waterborne cases of AGI. This approach is therefore an add-on to the estimation of the cases of illness attributed to a treated drinking water supply, but provides a mechanism for quantifying the economic and public health impact of these cases of disease on a country.
In 2006 Articles that present a burden methodology and produce a country-specific estimate of waterborne disease attributed to treated drinking water systems
Eight studies were identified that provide a methodology and produced an estimate for waterborne illness attributed to Five studies produced economic burden estimates (following the calculation of cases) and three provided a number of cases of illness or infection (Table 8 ). The economic measures included costs attributable to lost work days, lost productivity, and medical costs associated with Finnish public sector employees prior to, and following, a waterborne outbreak for those exposed and unexposed to the contaminated water. The difference in number of sick days used between the unexposed and exposed was assumed to be attributed to the outbreak and cost of lost work days was calculated accordingly. All assumptions are outlined in Table 9 for each of the published approaches. Table 10 
Comparison of burden methodologies
DISCUSSION
This review identified and compared all published methodologies that may help inform waterborne disease burden and source attribution estimates on a national level. Additionally, relevant epidemiological data from the literature were found and important knowledge and data gaps highlighted by various authors were identified. In Table 11 , the authors compiled a global summary of knowledge gaps, which includes specific data needs that may contribute to filling these gaps and help further inform a national estimate of waterborne illness. There is a need for both epidemiological data on the health impact of consuming groundwater as well as pathogen occurrence in these supplies. A recent community intervention trial, identified in this review, that focused on small groundwater systems in Wisconsin, USA, is one example of a project that will help fill this data gap (Borchardt et al. ) . Additional epidemiological studies are required that quantify the risk due to groundwater systems, particularly private wells and small systems.
In the absence of epidemiological data, and based on the literature recovered in this review, QMRA could be used in the development of a national waterborne disease burden estimate for certain systems, such as private wells or smaller Values refer to those published by Colford et al. (2006) and Messner et al. (2006) .
non-municipal systems (Soller ) . One disadvantage of the QMRA approach is that it is pathogen-specific and in order to calculate an overall burden due to waterborne exposures, a risk assessment would need to be performed for all pathogens and for all exposure scenarios (water sources, consumption patterns, immunocompromised, Although these studies are promising, more work is needed in this area to answer the questions around distribution system risk.
This review identified that North American studies that examine the health risks associated with different water distribution system characteristics, such as the effects of pipe materials, pipe age, system size, disinfectant residual, and water age are needed, particularly as our infrastructure systems below the ground age further. The Nygard et al. 1. Epidemiological studies that quantify:
• the risk of AGI due to the consumption of water from small and private water systems;
• the risk of AGI attributable to drinking water distribution system operation and events;
• the risk of AGI due to the consumption of groundwater supplies.
2. Pathogen occurrence water quality data, particularly for groundwater supplies.
3. Centralized data on the population served by various water supplies (small systems, large systems, private supplies, transient systems).
4. Data on the state, condition and operation of drinking water infrastructure including:
• treatment systems in place and treatment capabilities;
• drinking water distributions' conditions (age, pipe material(s), frequency of main breaks and repairs, residence times, water age, etc.);
• condition of private water supplies (quality of well construction, maintenance, etc.).
Water consumption-related health effects on vulnerable
sub-populations such as children, the elderly and immunocompromised.
6. Research that quantifies the risk of AGI associated with the effects of changing climate (increased precipitation) on drinking water supplies.
